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NOTICES

When Government drawings, specifications, or other data are used
for any purpose other than in connection with a definitely related Govern-
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the Government may have formulated, furnished, or in any way supplied
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he following corrections are applicable to VADC Technical Report 52-340,
"Rorce Rallistocurdiography," dated ovember 195%<:

In the third line of the third puragraph, add "to the measuring system"
after the word "network."

Page 7
In the caption for Figure 3, change "chin" to "shin."

In the first line of text below Figure 3, change "chin to "shin."

Page 8

Change the first line of text to read, "We do not obtain VB/FB but the
ratio vy/vy."

Page 12

Add to the caption for Figure 8, "I is equivalent to VB’ U is equivalent
tO F- o"
3

Page 15

L=}

At the left side of the schematic diagram, change % to _
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ABSTRACT

~ This report introduces a method of compensating
for the influence of the mechanical properties of the
body on the ballistocardiogram. Using this method one
obtains a ballistocardiogram in which the recorded ampli-
tudes are directly proportional to the forces produced by
heart action which act upon the body mass. These forces
‘can be directly correlated with the heart action., A
method for the absolute calibration of this record is pre-
sented. It is demonstrated that, using certain reasonable
assumptions about the properties of internal mechanical
network of the body, the ballistocardiogram could be pro-
duced by a simple impulse acting only during systole.,
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INTRODUCTION

The ballistocardiogrem (BKG) is a record of the oscillatory body
motion which occurs with every heart beat and is therefore attributed to
forces produced by the heart action. Usually the component parallel to
the longitudinal body axis of the deflection (D) or velocity (V) is recorded
when the body is either lying free on a rigid surface (Dock (2) method) or
fixed on an elastically suspended table (Starr (1) method). In the first
case, the body is movable owing to the elasticity of the external tissues,
and deflection or velocity of various points of the body surface is re-
corded. In the second case deflection or velocity of the table is recorded.
These records are usually obtained by meens of electrical systems.

In each case a force produces the body motion. Only the force is
directly connected with the heart action whereas the motion of the body or
the table depends on the impedance of the mechanical system as well as on the
force. (Impedance is the complex ratio: force/velocity in a steady state of
harmonic oscillation). It will be shown later that the influence of the body
network on the time course of the body motion can be large. A certain time
function of the force can produce almost any time function of the motion,
depending on the mechanical network between force and motion. Unequivocal
conclusions sbout the heart action can therefore be drawn from the force
record only. :

Because we can "pick up" only the body motion the problem is to deter-
mine from the function of the motion the magnitude and time course of the
force. One method of solving this problem is to place in the recording
system an electrical network which compensates for the influence of the body
mechanical network so that one obtains a force record directly. This is
possible when the body network is kmown. This network is the mechanical
system composed of the body masses and the elasticities and dampings which
connect these masses to each other and to the surface on which the body lies.

The body mechanical network can be separated for study into two parts:

(1) The "external network", formed by the masses of the body parts
(head, legs, arms, trunk) snd the elasticities and dampings
which connect these parts to each other, to the skeleton, and
to the surface on which the body lies. In the Starr method the
mass of the table plate and the elasticity and damping of its
suspen;ion can also be treated as components of the external
network,

(2) The "internal network" which as a first approximation may be
assumed to be formed by the masses of the heart and liver and
the elasticities and dampings which connect them to each other
and tb the skeleton.

The division of the body mechanical network into these two parts is-
justified because (a) the coupling between the two systems is certainly very
weak and the combined action of the two networks can therefore be obtained .
by the product of the actions of both, and (b) the external network can be
determined by relatively simple measurements.

WADC TR 52-340 1




The force Fu acting upon the heart is trensmitted through the
jnternal network rroducing the force Fg which acts upon the external
network and ceuses the body motion (velocity Ve ). Fs is Fu as
altered by the action of the internal network and Vg is produced by Fg
and depends on the action of the external network. The amplitude H of the
record depends on Vg and on the action of the measuring and recording
system.

We shall call:

The complex ratio Fg/Fy as a function of frequency (in the following
we will use the complex vector presentation of oscillation problems):
"The frequency resronse characteristic of the internal network (rRC,)"

The complex ratio Vg /Fg -as a function of frequency: "The frequency re-
sponse characteristic of the external network ( FRCg )

The complex ratio H/Vjp as a function of frequency: "The frequency re-
sponse characteristic of the measuring system ( FRCy, ",

Because the energy transfer from the internal to the external network can
be assumed to be relatively small and the energy transfer from the external
network can be made negligible by its design, the "overall" frequency response
characteristic ( FRCo ) is obtained by multiplication of the frequency re-
sponse characteristics of the components. Then:

For H/Fg 1is obtained FRC,= FRCg4 - FRCy
For H/F, 1is obtained FRC, = FRC, ' FRCy - FRCy,

Fgand Fy are periodic time functions. They contain the same frequencies
and their fundamental frequency i1s the heart rate. Both functions can be
described by a Fourier series which is a sum of sine functions in cur case
consisting of the frequency of the heart beat as the lowest frequency and its
integer multiples (harmonics). The amplitude ( H ) of the record is a true
picture of the force only if FRCo is constant in the range between funda-
mental and highest harmonic of the time function of the force,

- It was poasible to measure FRCp and the result shows that it agrees
for the average man with the resonance curve of a simple oscillator formed by
the total mass of the body ard by the elasticity and damping of the external
tissues which connect it to its support. By inserting into the recording
system a "correcting network" adjusted to produce an FRCp proporticnal to
{/FRCy we obtain a flat FRC, between H and Fg and a record of Fg

This record glves more information about the heart action than a record
of the motion of the body because the influence of the external network is
eliminated. Though the final goal is the determination of ¥y by eliminating
also the influence of the internal network we shall confine ourselves, first,
to the determination of Fg wusing the Dock method (subject lying on his back

on a rigid suprorting plane) since this method possesses the simplest
mechanical conditions. :

WADC TR 52-340 . 2




Ve calls
The record of the displacement: Displacement-ballisto-

cardiogram ( P-BKG );

The record of the body velocity: Velocity-bellistocardiogram (V-8KG);
The record of the force Fg: ( Fg-BKG )

The record of the force F,: ( Fy - BKG)

The usual ballistocardiograms therefore correspond to D-BK&'s and to
V-~-BK&'s when they are recorded with a measuring device having a flat
FRC pm and vhen the load presented by the pick-up is negligible,

The V- BKG is the D- BKG differentiated with respect to time
and therefore cam show nc besically new facts in contrast te the Fg-BKG
vhich is produced by the applicatien of the operator of the external net-
work on the V-BKG and to the F,- BK§ produced by the application of
the operator of the intermal network on the Fg-BKé& ,

Since the Fg—BKG and Fu- BKG are records of forces, they cen be
calidrated in units of force (dyne or gram) while the D- BH& can
correctly be calibrated only in units of displacement (mm) and the V- Bkea
in wnits of veloeity ( em sec-1),

ADC.TR. 52-340 3




SECTION I
THE MECHANICAL BODY NETWORK AND THE DETERMINATION OF FRCg

The difficulty in describing the body as a system formed by
point masses and elasticities lies in the fact that the body ie not
really such a system but one with more or less continuously distri-
buted masses and elasticities, The representation of the body as a
system of point masses and elasticities is therefore a simplification.
However, the lower the frequencies to which the system is applied the
better it represents the actual conditions. We shall, therefore,
attempt to represent the body for the low frequencies which characterize
the forces of the heart action by a relatively simple mechanical net-
work formed by point masses and elasticities, We shall start with a
highly simplified mechanical circuit (Fig. 1A) representing the body
lying on a rigid, rlane surface, We shall consider only components of
force and motion parallel to the longitudinal axis of the body and
assume that the force acts upon the mass of the trunk, We shall try
to determine whather the simplifications of the network are justified and
whether still further simplifications are permissible,

The network in Figure 1A contains the masses My (read), My
{Fe
J
My
PR,
md [m] (] [ ] [ J5E IR
IR TR
S
{
1
Mg
E Re
B
%]

Pigure 1, Simplified mechanical network of the body lying on the
rigid surface S{ A ) and its ultimate simplification
for low frequencies ( B ).
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(trunk), M. (legs), M4 (arms), comnected to each other by "springs"
with the compliances Ex , E. , EA , and the damping resistances
Ru s RL ,Ra and also connected to the rigld support, S s of,
the body by means of springs with the compl.aances Es 5 EL 4 Ea
EX , and the resistances Ry , Rl , RA » RT ,. The impedance,
R s of a mass, M s 18 proportional to the force required to
vibrate this mass sinusoidally at unit velocity and equals:R,, =j2TfM
where . Jj=V=1 indicates a + 90°  phase shift between velocity
and force and f = frequency. Rum Jncreages with frequency.

The impedance, Rz , of a spring is proportional to the force required
to expand and compress the spring sinusoidally at unit velocity and equeals
Re = 1/jonfE vhere E =cemplisnce of the spring (deflectiom/force)
and {/j=-J =-V-1 4ndicates a -90° phase shift betwsen velocity
and force, This impedance decreesss with frequency. A%t a certain fre-
quency the impedsnces of a given spring-mass system (e.g. ™My > En)
will be equal, This is the resonance frequency fec of the system. For
frequencies (<« fo the impedance of the apring will be so much larger
then the impedance of the mass, that the spring can be considered to re-
present a rigid connection. Therefore, fer frequencies below a certaim
limiting frequency all springs which interconnect the parta of the body
can bs considered as rigid connections and all the masses of the body can
be combined into one totsl rigid mass, Mg , provided the impedances of
the respective masses are large in comparison to the impedances which
connect them with the support. Then the impedances comnecting the body
to the support cam be cembined into only one spring with the compliance
Eg and one resistance Rp o The resulting mechanical circuit
(Fig. 1B) is an oscillator with one degres of freedom. Its FRC ,
which represents now the FRCg of the body, is well known and can be
represented by the formula:

FRC Ve .| :
- - =
B " Fg Rg jwMg+ \fjwEs +Rg
w = 2 f ‘
vhere Fa = amplitude of the force acting wpon Mg
Vg = amplitude of the velocity of Mg
Rg = impedance of the body system

introducing x = F/ FB ( fasroaonanoe frequency of the body system)

and the damping constant k - RS/“’QMB

WADC TR 524340 5




w obtain for the absolute value the equation in dimensionless form:

Vo lg, - Me/Al k
Fe IVB/Fl|x-.| V(,,_,i_)z - k=

The diagram in Pigure 2 shows a family of curves of this funoticn wvith g

3 (AR

+
1.0
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/AN

\§
=
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/
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X

FPigure 2, Frequency response characteristic,
of the simple oscillator shown in Pigure 1 excited
by a force acting upon the mass of the system, Parameter:
damping constant k

the parameter k » If we measure the FRCp of the body in the

frequency range of interest and find that the measured function agrees _
with one of these theoretical curves s 1t 18 proof that the body system ”
can be represented by the mechanical ecircuit of Figure 1B, '

To measure FRCp  known external sinusoidal forces must be
appiied to the bedy and the veloecity Vg imparted to it by these
forces must be measured as a function of frequency., The problem is how
and vwhere to apply these forces. From Figure 1A it can be concluded
that the particular FRCp obtained will depend upon the place where
the force is applied and also upon the place where the wvelocity is
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measured. When the force, for instance, is applied upon M, , it
must travel over E_ snd R_. in order to move M4, . Because My

is much larger than M_ , it 1s obvious that the application of a
certain force upon M, will cause a larger deflection of E. than
the application of the same force upon M4 ., While ™M and M,
- might move with practically the same amplitude when the force is
applied upron My , they will move with different amplitudes when the
force is applied upon M, .

For the méasurement of FRCp, the force must therefdre rroduce
the same pattern of motion of the various body parts as is produced by
the heart action., If the V-BKG’s, shown in Figure 3,which were taken

V~BKG Recorded at Hip
Chest —— —
Head — o —
Shing —x —

Figure 3. recorded at different points on the body:
—= — Chest w— x— Chin

at various parts of the body (head, chest, hip, chin) are compared,

one may conclude that all these parts move, to a first approximation,
with equal emplitude and phase throughout the frequency range found in
these V-BKG's (according to a frequency analysis 1 - 10 cps). When we
consider the fact that the records do not represent the seme heart beat,
but were taken one after the other, and that the connection of the
"motion pick up" with the body may not have been equal at the different
locations owing to different mechanical qualities of the external
tissues,the approximation may be even better. :

A way to apply measuring forces which move the parts of the body
in the seme pattern was required. It was found that such a pattern
resulted when a subject was placed on a table plate which oscillates in
the longitudinal axis of the body (shake tableg. The first experirents
in this direction were performed at the School of Aviation Medicine
Randolph Field, Texas in 1949 in collaboration with K. R. Reissmanns.
In this case we have, however, a different kind of mechanical circuit,
While the heart action excites the system by a force, Fg , applied
to its mass, Mg , (Fig. 4A), by the shake table a certain velocity,
v » is imparted to the system through the spring and damping.
(Vye@yw » Where d¢ amplitude of the displacerent of the shake table).

WADC' TR 52-340 7




We do not obtain Va/Fs but the ratio Va/Fr . It is, however,
possible to determine from this ratio as a function of frequency
the constants fg and k of the system and with these con-
stants we can find FRCe in Figure 2,

My % G‘C,; Us

Figure 4. Mechanical circuits and their electrical equivalent,
A. The system of the body excited by a force ( Fg )
acting upon the body mass ( Mg
B. The system of the body excited by a valocity (ve )
imparted through the spring ( Eg ) and damping
( Rg ) of the system.
The force, Fg, is equivalent to the voltage, Ug .
The velocity, Vg , is equivalent to the current, Iy .
The velocity, V¢ , is equivalent to the current, I, .
The mass, Mg, i3 equivalent to the inductance, L g .
The complisnce, Eg , is equivalent to the capacity Cg .
The damping, Rg, :la equivalent to the ohmic resistance,Rg.

For the ratio Vg /v, we obtain:

Ve _ _\/JwEs + Re
Vr

1/jwEg + JwMpg + Ry

and introducing x and kK we obtain for the absolute value:

Ve =\/ k2 + 1/x* '
V. k2 ¢+ (x=~1/x)2

T

WADC™ TR 52-340 8




Figure 5 shows ‘Va/v‘r\/W’/V"!Y*l as a function bof x | oaleculated
for various values of K . _

T 1

=
Lt T
A

(Yor)

|
g ot \ 1\ \

" e\ | b
s

E jeot
sjest

apxe
4443

-

-9
1Ll
]

®
o2
2

[} Y3

g8 a4 as [T ] 25

- Figure 5. TFrequency response characteristic,|Va/Vil/IVa/Vrixa ,
of the simple oscillator shown in FMigure 1B excited
by a velocity, Vr , imparted through elasticity and
damping of the system (compare Migure 4B), Parsmeter:
damping constant k ; Solid lines: calculated values 3
Values measured frem various subjects indicated by:®,x,4,H

Because Vg/Vy = Dy /D for a harmonic escillation and because

the shake table works with constent deflection D+ as a function
of frequency,not Vg -but the deflectiem of the body, Dg , was
measured and ODg as a function of frequency is proportional to

the desired ratieo Vg /Vy o The apparatus used for the measurement
of Vg /v, is described in Appendix Ila.

Figure 6 shows the record of the body displacement, Dg s of
subject Ne. 1 caused by the shake table at different frequencies, From
the moan values of this record the IVa/Vr|/I\Va /Vylzu; values in Pigure 5
were determined and by comparing them with the theoretical curves we
find k= .3 . fg =3cps was determined by extrapolation of the maxi-
mal amplitude from the record in Migure 6,
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0.93 cps 1.4 cps 1.87 cps 2.34 cps

| R N

28c¢cps 3.28 cps 375¢cps 4.2cpe 4.7 cps 8.6 cps

Figure 6, Record of the deflection of the body on the shake
table for different frequencies and constant de-
flection of the sheke table.

At times this record shows periodic fluctuations of the amplitude,
especially at frequencies f > fg « These fluctuations indicate
a periodic change of the mechanical body impedance vhich may accomnt
for periodic changes sometimes observed in the BH& . The ecause of
these fluctuations might be an involuntary tonus change of the subject.
No oomnection with the breathing period was found.

In Figure 5 tbolV,/V,l/lV;/%l..‘valuza of other subjects are also
indicated. Their agreement with the theoretical curves shows that the
representation of the body by o simple oscillator is in first approxi.-
mation justified., With the K  values found we can determine im Mgure 2
the FRCg of each subject.

Table 1
Subj. No. Sise v.u;t ‘Body Buila fs(P®) k '?n cgr)
1. 6 £t. 2 in. 70 kg Tall, slender 3,1 0,3 286
2, 5 £t. 7 in, ~ 63 kg Slightly less than 34 0,3 A5
. " medium bmild
3. 6 ft, 1 in, 85 xg Tall, moderately 3,3 0,25 540
heavy
he 5 tt. 9 in, 75 kg Muscular, mediwm 3,3 0,4 320

WADG. TR 52.340 10




‘Table 1 shows that there is no definite connection between the
body build and fg and K  in the case of our more or less
"normal® subjects and that the variations of fa sand &  with
the various subjects are surprisingly small., Slight changes of the
position of the subject can produce larger changes of fg and
especially k than appcar between different subjects, especially
when the external tissues become stressed. Subsequent measurements
with the subject having left the table in the interim show different
results, To obtain more constant and reproducible conditions, a layer
of fosm rubber, F  (Fig. 7) was placed between the subject and the
plate, T , of the shake table, the head was suspended in a free
swinging hammock, H s and the arms were stretched upward while the
hands gripped a fixed rod, R , at two pieces of insulated metal
tubing which served at the ssme time as Ek'G electrodes. The suspension
of the head was used because the external tissues of the head are
relatively stiff and the unsupported head sometimes tends to roll on the
table. The stretched up position of the arms diminishes the possibility
of changes of position. The layer of fcam rubber was used to eliminste
the influence of small changes of position on the mechanical body im-
pedance and changed the elasticity of the body system very little.

(e
. o w
switch oparated N>
by com on the motor
shakstable putisy.— 1 P

shaka fabl
! posmonu N . frequency
2chonne! 1. mefer

| brush |
> EK(« racorder

disph

/ velocity

f,g:w:;y correcting
device network

Figure 7. Arrangement of the measuring apparatus for the
determination of the FRCg and for the recording
and calibration of the BKG’s ,
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SECTION II
THE INFLUENCE OF THE FRCp OF THE BODY OF THE BKSE§ .

It is instructive to investigate the response of a system
having the measured FRCg of the body to a foroe of a certain fumction
of time, This problem can be solved in a relatively simple manner by
means of am electrical network with an FRCe proportional te the
FRCag of the body system, This method is equivalent te the solutienm
of the problem by means of an electric analegue computer, The mechanical
network of the body and its equivalent electriocal circuit are shown in
Figure 4A. The FRCg of the mechanical network, FRCp = Vg /Fp > will
be proportional tc the FRCe| of the electrical network , FRCq|= Ig/Ug,
when the damping constants are equal.

By means of a photoelectric voltage generator (see Appendix III) a
simply shaped voltage impulse was applied periodically to the network,
The frequency of this period was made 1/3 of the natural frequency of
the electrical circuit since the frequency of the heart beat is 1/3 of
the natural frequency of the body system. The oscillograms (Fig, 8) of
the current, 1 recorded with different dampings, represent the
velocities of the body mass under the condition that the foroe applied by
every beat of the heart had the time course of the voltage impulse. U .

Figure 8. Time functiom of the current ( I ) produced by the
voltage (U ) in an electrical system equivalent
to the mechanical system of the body (see Fig. 4A).
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The oscillograms are similar to the typical V-BK&or P-Bikgrecorded

by the usual methods which indicates that they could have been pro-

duced by only one very simply shaped impulse of force and we see that

it is not justified to explein a certain pesk or dip of these BKG's

as being caused by the occurence of a certain event in the bleod

circuit (e.g. expulsion of the blood from the heart, acceleration effects
of the blood flowing through the aortic arch etec.).

The D- and V-BKG seem to represent more or less the transient
response of the mechanical body system excited by a simply shaped
pericdic impact. This idea 1s also suggested when we observe the.
agreement of a typical FRCg of the body with the frequency spectra
of V= BKG’S in Figure 9, Two spectra are shown, the one analyzed

" J// x’\ \\“
AN
02 —-“"7A ‘!
st |/ {!

Velocity

(f ::ot;%e) > \‘
or
urbitrt.:yo'o8 \0\ AN
scale \il @
006 “ r
3
004 , !
feps — 2 4 6 12
Pl LTI
har monic
of BKG
Figure 9, TFrequency spectra of V- BK@’sand FRCp .
o——— Spectrum of a V- BKG taken from a medical
journal.

®— — —o Spectrum of owvn V-BKG records., Mean values
of five subjects.
Average FRCp .

from a recerd teken from a medical journal, (3), the other representing
the mean values of spectra analyzed from five of our own records,
(Method described in Appendix III), The maximal amplitudes of the
spectra are arbitrarly set to equal 1 and the other harmonics are caleu-
lated accordingly,
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It i1s probably because of the effect of the FRCy that fre-
quencies higher than 10 cps are not present in these V-BKGI.
The FRCy 1in the case of our measurements was flat up te 20 cps. If,
as it is often affirmed, the accaleration and deceleration of the blecd,
due to the curvature of the aortic arch, have measursble effects,
separated from each other and from the effects of expulsion of blood
from the heart, they should bs separsted by a time interval of the order
of 1/50 sec. (distance heart - aortis arch ~ I0cm, velocity of the pulse
wvave in the aorta ~ §cocm/s ), Only the change of the velcoity of the
blood can cause a reaction force and this change represents the pulse wave,
The force, Fy » &scting upon heart and aorta should then centain fre-
quency componants up %o 50 cps. These effects can only be discovered
when a system having a FRCo flat up to this frequency is used. In any
- case only by means of a spectrum of the Fi-BKG recorded with a system
having 2 FRC, known to be flat up to higher freqiencies than the
highest frequency found in this spectrum, can it be determined whethsr the
complete spectrum has been recordead.
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SECTION III
THE Fp-BK& RECORDED WITH THE CORRECTING NETWORK

A. Principle of the Measurement:

The overall FRCo for the recording of the Fg-BKGqis the product
of the FRCg of the body and the FRCm of the measuring system.
If by means of a filter network (correcting network) in the measuring
system an FRC  proportional to | /FRCsa is produced,the FRCo will
be flat and the record will represent the force Fg , Figure 10 shows
the principle of an electrical recording system of this kind.

Subject

Measuring system '

Pigure 10, Electro-mechanical circuit of subject and measuring
system for the recording of Fg by means of a
correcting network, which produces am output voltage,
U, , proportional to the acting force, Fg, . The
input voltage, Upv , is produced by the velocity

pleck-up PU and is proportional to the velocity of
ME @ »

The output veltage, Upu * of the electrical velocity pick up is
proportional to the velocity of the body mass, Vg
F

Because: Vg=F;/Rp we obtain Upw = C, =.
8

vhere ¢ RE-JwMB-ﬁ- l/was-i-R,; = impedance of the body system.
The voltage, Upu » drives the current [
I= Upu/R|

-
(vecause R,»R ) %
through the impedance of the correcting network R, +R

?

-
’Q
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=
and produces the voltage, Uz , across R :

Upv g* Fs s* FaR™
Ulg—E: R =C‘§—B—R—|R =CZ—R—.;—

The record of U, represents a record of Fy if ve make

-
R = C3 ﬁ3

This condition is fulfilled vhen the resonance frequency of the
electrical system equals the resonanoce frequency of the system of the
body and when the damping constants of both systems are equal, Because
it is almost impossible to build a2 circuit formed by a condenser and an
inductance with the correct damping for the low resonance frequency of
the body ( fg ~ 3¢ps),an equivalent electronic circult (see Appendix II)
was used,

Bo m FE_BKG H

Before the recording of the Fg-BKG, fa and K of the body uf
the subject were first measured on the shake table and the correcting
network adjusted accordingly. Then the Fg-BXGwas recorded while the
subject was atill in the same position on the stationary shake table,
In Figure 5 we see that the FRCg agrees very well with the theoretical
curves in some cases while in other ocases the agreement is only fair,
The degres of compensation of the influence of the FRCg by means of
the correctinmg network depends on this agreement. The most simply shaped
Fa- BKG  of subject No, 1 (Fig. 11) probably represents most clearly
the "ideal" Fg- BKG because im this case the measured FRCg-function
agrees best with the theoretical function of a simple oscillator and
thus we can expect the best action of the correcting network. Because
the influence of amplitude, and especially phase distortions caused by
an incomplete action of the correcting nstwork on the shape of the record
can be rather large,ws will be cautious in explaining single peaks and
dips as being caused by certain events in the blood circuit amd will conm-
pare more the shape of the Fg -BXG with the shape of the D-and V-pKég,

- Mgure 11 shows these recerds together with the ExG& of our four sub-
Jects, all of whom stopped breathing while the records were taken. In
contrast to the D-B8KG and V-BKG ,the Fg- BKG usually shows a simpler
and clearer shape &and only small waves or none at all towards the end of
the heart pericd.

In the Fg-BK& we can usually distinguish two waves I and J[
more or less separated from each other, and by comparison with the Ek4
we discover that the first wave occurs during the systole, while the
sscond occurs in the beginning of the diastole,

Wave I  during systole can be explained by the acceleration and
deceleration of the stroke volume or more generally expressed, of the
center of gravity of the heart-aorta complex, We will not forget that
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Figure 11, DP-BK&G ,V-BKG, Fg- BXG and EKG of
& subjects.

the contraction of the heart bsfore the expulsion might also cause a
motion of this center of gravity producing an impulse of force which
can influence the pattern of wave I . For the explanation of
wave L there are several possibilities.

1. A genuine new impulse of force not connected with the
systolic action of the heart, produced, for instance,
by the filling process of the heart.

2., An impulse of force produced by the energy of the systolic
action of the heart but delayed in time by the action of a
mechanical network, e.g. the reflection of the pulse wave
or, on the other hand, the action of the internal network.

The explanations given under (2.) are the more probable because
one can hardly expect that forces described under (1) could be com-
parable in magnitude to the forces generated by the systolic action
of the heart, The reflection of the pulse wave, however, seems less
probable because flow processes in the peripheral circuit can hardly
be expected to produce forces comparasble with the forces of the
systolic action since the elastic chamber of the arterial tree should
diminish the alternating component (blood mass times velocity) arising
there. It is, therefore, understandable that no basic change of the
Fa~BK& was observed when the blood flow in the legs was blocked at
the thighs. Such a drastic disturbance in the perirhersl circuit
should have changed at least the timing of wave JL if this wave had
been produced by the reflection of the pulse wave, .
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The theory that vave I could have beem produced by the action
of the internal network was therefore investigated. Because it is
possible to explain almost any periodie output functiom by a certaia
periodic input function if we assume a certain network betweea them
we will see if we ocan find a reasenable, simple network vhich produces
from a reasonable input fwunction an output function similar to the
typical Fg-8KG . Such an investigation cammot, of course, prove that
this explanation of the generatiem of wave Il is correct, but it can
prove its possibility, :

The problem was investigated by means of an adjusteble electrical
network the input voltage of which was again produced by the photo-
electric voltage generator described im Appendix III, The time functiom
of the input voltage, U , (corresponding te an assmwsd F, - BK& )
was one oycle of a sine-functien of the duratiom, ¢ » repeated
periodically with the period time, corresponding to the heart period,
4t s It corresponded te am impulse of foroes of the duration of
the systole, The first half-wave may represent the force caused by the
acceleration and the second half-wave may represent the ferce caused dby
deceleration of the stroke volume., The output load impedance of the
network was infinite because the impedance of the body mase upoa which
the foroce at the output of the internal network acts can be asswmed to
be very large in comparisen te the output impedance of the internal net-

work, The output voltage, U, , of the electrical network corresponds
to the for“’ FB .

It was possible to adjust a network with two degrees of freedom
in such a wanner that' the imput funotion was changed at the ocutput te
the pattern of the typical Fg- BKG . Figure 12A ghows the records
obtained, Figure 12B the electrical network foumd and 12C its equivalent
mechanical cirouit, Curve Fn 4s the record ef the input, Fg the
reoord of the output funetion,

We will not try at this time to correlate the nstwork to the
internal structure of the body but state only that the explanation of
wvave 1T by an action of the internsl network seems possidble and that
therefore the Fs- BK& oould be produced by only one impulse of force

- acting during systols.

To give a more popular desoription of the possible action of the
internal network; when the stroke volume is expelled from the heart,
the reactien force moves the whole heart downward and its elastic sus-
pension is stressed. After the valves have closed and the reactiom foroe
has stopped (i.e. in the disstole) the energy storsd in the suspension
moves the heart back and thereby generates a reactiom foroe which pro-

duou)wnn X . (this might also be an explanation of the "3rd heart
sound),
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Mgure 12, A: Output voltage, Uz , caused by the input
voltage, U, , in the electrical network shown
in B, C: Shows the mechanical circuit equivalent
to the electrieal network (B).

The Fg-BKG resembles somewhat the low-frequency recordings of
"heart sounds" and when we compare it with recordings of the motion of
the apex of Ernsthausen (4), recorded in the frequency range 1 - 20 cps,
we can,in some cases, find a surprising similarity which seems too
great to bs just coincidental, Figure 13 shows a record by Ernsthausen
of the apex motion and one of our Fg— BKGs, They were not taken

Chest Wall Displacement
Over Apex

TN KA
WV W v

FB -8KG6

I \/I[\ /
DN

B N A= A

FMgure 13, Comparison between a record of the moticn of the .
epex (after Ernsthausen) and Fg-BKG together with the EKG
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from the same subject and were matched te each other, as far as the
time scale is concerned, by means of the EKG recorded in each case.
Ernsthausen explains the first wave, the rise and fall of which pro-
duces the first and second of the usual heart sounds, by the change im
the shape of the heart due to contraction and expulsion and explains
the second wave also by a passive motion of the heart, The explanation
of the similarity of the waves I 1s probably that the change of
shape of the heart is closely related to a motion of its center of
gravity.

C. Calibraticn of the Fg-BKéa:

For the calibration a known force F¢ must be applied to the
body, be recorded with the same sensitivity of the measuring apparatus
as used for the recording of the Fg- BKG and both records must be
compared, For the application of Fc¢  the same considerations apply as
for the measurement of FRCg. Fc must produce the same pattern of
motion of the body as the one produced by the force of the heart action,
(The application of a calibration force upon e.g. foot or shoulder, as
sometimes reported in scientific literaturs, hardly fulfills this econ-
dition)., Purthermore, the calibration force must contain only frequencies
within the flat range of FRCo . Thus the shake table was again used to
produce a sinusoidal calibration force.

As we have shown, the shake table imparts a known velocity upon
the body system through elasticity and damping of the external tissues
and we intend to calibrate the record of the force acting upon the mass
of the body. We must therefore determine the force, Fc ,acting upoam
the body mass, which is produced by the wvelocity of the table, Figure 4
shows, besides the mechanical circuits, the equivalent electrical
circuits used when the body system is excited through elasticity and
demping by the velocity, Vo , (Fig., 4B) and when the same system is ex-
cited by a force, Fg , acting upon the body mass (Fig. 4A).

The generator, @r , then represents the shake table and drives
the current, I; , (equivalent to the velocity, V7 , of the shake
table) through the system. G g produces the voltage Ug ,

~ equivalent to the force Fg o In the calibration and in the Fg-B¥G
recording the velocity Vg  produced by G, and the velocity Va
produced by G @ are recorded over the correcting network. These :
velocities correspond im the electrical circuits to the currents I; and
ia o We will investigate which voltage, Us , produces a current,
1S > equal to I3 when the latter is produced by Iy

*
For Ig and Iz e can derive the formulas:
* -] \/iwCs + Rpg
B~ T jwls + |/jwCg + R§

L] U’
IB . L l o ]
Jwlp + VjwCy + Ry

ﬂ
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By setting 1: =1g we obtain an equation which gives the de-
sired relation between Ug and Iy . This equation has a very
simple form when we choose the resonance frequency of the system, fg s
for calibration. For wg =2wfg we have wylg= |/waCy ’

and Rg=kwgle and we obtein: Ug=Jr wglg (k-j) and for
the absolute value: |Ugl= Irwels VT T . This means

for the mechanical case: |Fgl=VywgMaVki+| =arwyg Mg VkZ+ |

vhere Sirzgmplitude of the displacement of the shake table. In case
of the calibration Fg 1is equivalent to the calibration force F¢ .

The factor VW= +1 equals ~| for the K -values of the body.
(for k=.4 ,Vk%1=1.09). It may be remembered that Vy is the amplitude
of the velocity of the shake table and Fe the amplitude of the
calibration force. The peak to peak distance, H. , of the cali-
bration record represents therefore: He¢= 2 Fe .

If the calibration is performed with the frequency, fa , it

must be considered that the correcting network has its smallest rate

of transmission for this frequency. All other frequencies present (com-
ponents of the BKG , mechanical vibrations of the building and har-
monics of the calibration frequency produced by the table) will be em-
phasized in the recording. The record of the calibration frequency will,
therefore, be distorted., But in the calibration only the frequency, fa
is of interest. The rate of transmission of the correcting network can,
therefore, be diminished for the other frequencies if the rate of trans-
mission of the frequency f@ is not changed. This is done by short
circuiting Lg and € g (Fig. 10) of the correcting network during the

calibration since at this frequency the impedance jwglg + 1/jwgCg is
already zero. In this manner and if F. is large enough, a practically
undistorted record of the calibration force, Fc , can be obtained (Fig. 14)

-t

Force acting ) Al ot 2 P

toward head

! A 1,
| W |
FB=2.750' ' .
. B . |

o { -

Force ocﬁnd .
foward feet
FB BKG

Figure 14, Record of the calibration force, Fc , and fg-BKG
recorded with the same sensitivity of the recording
system, The pulses P above the F; -record indicate
that the calibration force at the same moment acts
toward the head of the subject., Urward waves of the
Fe -record and also of the Fg-BiK& therefore indi-
cate a direction of the force towards the head,
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By means of the equations Ug= lrwgls Ch=y) the phase
relation between Ug and [y  is ebtained. This phase relatica
will be used for the determination of the directiom of the cali-
bration force and of the foroe recorded in the Fg-BKG . With the
average k -values of the body the phase shift, ¢ , between Up and
Ir  is about - So° (for k=.4 > ¢=-68°) 1n the electrical
circuit and also between Fp and V; in the mechanical circuit.
(Pig. 4). The maxima of Fg occur ~ 90° later than the maxima of
Vr o Therefore, becauss the maximal dsplacements of the table
occur 90° later than its maximal velocities,the maxima of Fg are in
phase with the maximal displacements and have the same direction, By
means of a contact operated by the pulley (Fig. 7B) revolving sym-
chronously with the escillation of the table plate, an electrical impulse,
P , (Fig. 14) was produced periodically at the time of maximal F_
in one direction and recorded together with the calibration force. At
the maxima synchromous with the pulses, P s the calibratien force
acts in the direction of the displacement ef the table coordinated with
the closure of the contact, in our case in the directien of the head of
the subject. Jmplitudes of the Fg-BKG in the same direction indicate
forces of the heart action acting toward the head,

The ocomparison of Hc¢ of the Fc—record with Hp of the Fg-BKG,
recorded with the sage adjustment gf the measuring apparatus, yields the
peak %o peak value Fg . The 8~ vYalues measured with different

subjects are given in Table 1., Values between 286 gram and 540 grem
were measured.

The force Fy , aocting upon the heart can be smalier er greater
depending on the action of the internal network. One cam roughly esti-
mate the amplitude A, of this force at the first moment that the
aortic valve has opened, It should be in the order of: systoliec

pressure, Ps , minus diastolic pressure, Py , times cross ssctiom of
the aorta, . qa -

Ay ~ CP_;"Pd)qA
With P- Py =50mmHg=65X10* 44 gnq g, = 7cme

cm
we obtain: A, = 450 gvr o This value is probably teo large
benause the valves cannot open in infinitely short time, On the other
hand we can estimate Ay from the peak acoeleration necessary te
drive the stroke volme, Vi , (Vi~100cm? ~ j00gr ), fram the
heart inte the aorta, If it is assumed that in first approximation the
velocity of the bleod entering the aorta im 1/4 heart period, T
( T~ Isec.) has a time function acoording to one half of a sine ‘
function (i.e. with a frequency 2 /T c.p. 3.),the velocity amplitude, V ,
would be: Ve Vs = {|[5crm /sec
. qA o/ sin 2w 277 tdT
and o obtaim the amplitude ef the acoeleration: acce V27 %7 = 14305, |56
( @ gravitational constant = 981 “Dfact), The acosleratiom of the
stroke volume of about 100 gram would then produce an smplitude ef the
reaction force of 150 gram. This valus is probably teo small because a
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part of the bleod already in the aorta must alsc be accelerated,
the amount of blood depending on the elastic qualities of the
arterial tree.

If we compare these very rough estimates of the amplitude of the
foroe acting upon the heart with the amplitude ( Fg/2 ) of the
foroe acting upon the body mass as determined from the Feg-BK& we
find that these values are relatively close and that, therefore, the
influence of the internal network on the amplitude of the record does
not seem significant.
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APPENDIX I

The Megsurement of the Motion of the Body

For the measurement of the FRCp@a and for the recording of the
Fa-BK&, we must produce a voltage proportienal te the displacement
or velocity of the body. This voltage is produced by am electro-
mechanical transducer (pick-up) for the design of which any electro-
mechanical principle can be used (e.g. motion of a conductor ia a
magnetic field, change of the reluctance of a magnetic circuit by the
motion of an armature, change of the capacity of a condenser by the
motion of a condenser plate, deformatiom of a piezoelectric crystal,
modulation of the illuminatien of a photocell by the motion of a
mirror or of a diaphragm etc.). It ias not important to which physical
magnitude of the motion the output voltage is proportional, because it
can be differentiated or integrated by means ef electrical networks,
The choice of the electro-mechanic prinoiple depends upor the necessary
sensitivity and upon the mechanical structure comnected with this
principle, The mechanical input impedance must be kept as small as
posaible in comparison to the mechanical impedance of the point at the
body surface to be connected with the pick up. If the mechanical
impedance of the pick up is too large the motiom of this point may be
considerably changed. To keep the impedance of the pick up small, its
moving mass and the elasticity of the suspension of this mass must be as
amall as possible. The impedance of a point of the body surface is
relatively small because of the great mobility of the external tissues,
especially for motions parallel to the surface, The conditions can be
improved however, when the pick up is not connected with a point but
with a larger area of the surface,

Depending on the problem,one of two methods was used for recording
the motion of the body.

1) V-BK& Recorded et Various Parts of the Body.

In order to obtain comparable records it was important thet the
sonsitivity of ths measuring apparatus remain constant when the place
of the measurement was changed., This is difficult to achieve by a
method which measures the motioa relative to a fixed point, such as

the earth, Therefore, measurements were performed by mesns of an
accelerameter which measures the motion of a point of the body relative
te a mass elasticelly connected with this point, The acceleratiom of
the body caused by the action of the heart was feund te be of the order
of /500 G « A sufficiently sensitive accelerometer (Figure 15A)
was bullt by comnecting (with glue) a mass, M (204gr ), te the
surface of the crystal microphone, C » 6lastically suspended in
the frame, F « The other end of M  was suspsnded in a flat steel
spring S o The resonance of the system was damped by filling the

narrov adjustable slots between M  and the plastic blocks, @ ,
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Pgure 15, Crystal-Accelerometer (4) and Cathode-Follower
amplifier stage (B).

with grease, The output voltege of the accelerometer was found to
8 proportional to the acceleration in the frequency range .5

to 40cps . Ths electrical inner impsdancs of the crystal repre-
sents a capacity (ca. 1000 oF° ). Te bring the open circuit
voltage at a frequency of .5eps to the grid of the first amplifier
stage,the grid leak resistance must be about 3co Megohms. This.
resistance was dynamically obtained by means cf the cathode followsr
circuit shown in Figure 15B. A voltage proportional tc the velocity
was obtained by means of an integrating network following the
enplifier stage. After the integrating network a "Grass® amplifier
(Model P4). emd a direct writing in k-recorder (Brush Recorder BL
G02A with amplifier BL905) wers used,

2a) Measurement of the Displacement of the Body on the Shake Table
for the Determination of FRC 8 o

A voltage proportional to the displacement of the body could
have been obtained by using the accelerometer described above and
integrating its output voltage twice with an electrical network., It
was, however, simpler to produce this voltage directly with a con-
denser piek up (Figure 16§ used with a carrier frequency device, One
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Figure 16, Condenser Pick Up for the Measurement of the
Motion of the Body.

condenser plute, P , was rigidly comnected with the earth, the

other one, P, , was connected to one end of a light metal tube, 7. ,
which was fixed in the middle by the flat steel spring, S , and was
- movable in the horizontal and vertical plane., The other end of the
tube carried a needle N , which touched a leather belt, B ,
(PFig. 7), buckled around one thigh and hip of the subject. In this
way the area of the body surface loaded by the pick up was considerably
enlarged and the motion was picked up not too ar from the thorax and

at a place hardly moved by the subjects breathing. Only components

of the motion parallel to the longitudinal axis of the body produced
capacity changes by changing the separation of the plates. A motion
of the plate, &, » parallel to its plane caused no change of
capacity because the diemeter of the movable plate was smaller tham
the diameter of the rigid plate, The sensitivity of the measuring
system was high enough that a distance between the plates of approxi-
mately .5 cm could be used, Small displacements of the body were,
therefore, without influence on the senaitivity of the system, The out-
put voltage of the carrier frequency device (proportional to the dis-
placement of the body in the frequency renge O - 20cps) wes amplified
by & "Grass" amplifier and recorded by a "Brush" recorder,

2b) Recording of the D,V,and Fa-BKG,
For all these recordings the condenser pick up, described above,

was used. For the V-BKG and Fg-BKé& the output voltage of the carrier
system was differentiated by means of an electrical network, the output
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voltage of which was then proportional to the velocity of the body.
After amplification with the "Grass"™ amplifier this voltage was
recorded, in case of the Fg- BK@ , over the correcting network,
Because FRCp was measured up to enly 10 ¢ps and the appli-
cation of the correcting network is not therefore justified for fre-
quencies € >|Ocps the overall frequency response FRCo was cut
off above this frequency. Figure 7 shows the complete arrangement of
the measuring system,
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APPENDIX II

The "Correct Network"

The correcting network, shown in Pigure 17, produced the FRC,,
proportional to |/FRCs not using inductances, Because: R, » Vel ,
R, « V/wCa > and Rj» Ry at the grids of the tubes Ty T2

T, appear the voltages:

ey &t

Figure 17. Circuit of the "Correcting Network" used im the
peasurements which is equivalent to the electrical

circuit in Figure 10.
Kis k2 = attenuation factors of the potentiometers, Ry , R4

Through Rs flows the sum of the plate cwrents of T, , Ty , Ty
and with all tubes (penthodas to avoid an influence of the plate

voltage on the grid voltages) having the ssme transconductance, T ,
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we obtain: Ua = RgUe T (Nfw + Nyjw +Nj3)

With the constant factors combimed te A, , A, , and A3 we
obtain the FRCp of the systems Uq/Ue = jJWA 2 +A /jw + A3 .

We see that this function is the reciprocal function of frequency as the

formula of .

ormule oF | /Frcs =Fa/Vg = 1/(jwMg + |/jwEg +Rg)

Ve can make FRC,n  proportional to |/FRCg by adjusting the constants
A2 and A3 by means of the potentiometers R, and R4
With R, we can adjust the resonance frequency of the system
(minimal value of Ua/Ue ) and with R4 we can adjust the damping

. factor, For the shaks table calibration the grids of T, and T, were

shorted to ground by the switches S, and S, . This is equivalent to
the short circuiting of Lg and Cg im the circuit of Figure 10.
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APPENDIX IIIX
Geger the Productien of Vo

For the investigatien of mechanical circuits by means of equivalent
electrical circuits and for the Fourier analysis of the V—-BKG's an
input voltage was required with the time course of the magnitude to be
investigated. This voltage was produced by means of a rotating disc D ,
(Figure 18) shaped according to the desired time functiom of the
voltage, The disc modulated the area of a 1light beam produced by a

L, Le
£ F Ph

Motor

Pigure 18, Photoelsctric voltage gemerator (i) and its
schematic presentation (B).

light source, P , and the slot S . The lens, L, , produced a
parallel beam at the place of the disc,and the lens, L2 , concen-
trated all the light which had passed the disc on the photocell Ph .
The disc was rotated by a synchronous motor 30 times/sec. In case of
the investigation of a BKG the frequenoy of the "heart beat" was,
therefore, raised by the factor 30 and the rescnanoe frequency of the
electrical circuits was chosen to be 30 times the resonance frequency
of the equivalent mechanical circuits., Because all frequency com-
ponents were raised by the factor 30, for the frequency analysis an
analyzer designed for the audio-frequency ramge (Hewlett Packard
Harmonic Wave Analyzer 300A) could be used,
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APPENDIX IV

The Shake Table

The shake table (Lab Corporation, Type VU-IM-500) (Figure 7)
connected with its motor by a belt and originally designed to produce
vibrations in the frequency range 10 - 60 cps, was changed by means
of an alteratiomn of the pulleys to produce vibrations in the range
0.5 - 15 cps. To measure the frequency, {1 , of the table, the
pulley, rotating with the frequency of the vibratiom of the table,
carried amn iren toothed wheel, w s with 100 teeth, The teeth
induced in an electromagnetiec circuit a voltage with the frequency
I00 fr wvhich was measured by an electronic frequency meter (Hewlett
Packard 500A). Im ell the shake table measurements the amplitude of
the displacement of the table plate was adjusted to be 0.02 cm as
recorded on the dial geauge A . It was found that with constant
frequencdy the amplitudes of the bedy were proportional to those of the
tabls in this range of amplitudes, '
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